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1872 face contact could be detected. Sometime later, an improved approach based on ultrasonic technique was presented by Reddyhoff [6] to estimate the film thickness. But, this method was still unsuited for production, because of its expensive cost. Then, acoustic emission (AE) technique had been attempted by Miettinen [7] . However, limited by the level of signal processing at that time, it was unable to separate useful signal from noise since AE sensor was too sensitive to noise.
The purpose of this research is to develop a approach for monitoring the fluid film of Mechanical seals based on two kind of signal in industry. In this work, eddy current and AE techniques are used at the same time, and non-contact seal is took as the research object. The eddy current sensors are used to make directly measurement. The AE sensor is used to make indirectly measurement. Under the guidance of direct measurement, a cascaded artificial neural network recognition model is built based on AE signals, by which the film thickness can be estimated.
II. DIRECT MEASUREMENT a. Monitoring Experiments a.i Apparatus
For non-contact seal, a thin fluid film makes stationary ring and rotating ring separated and keeping lubricated. Two steel rings are inlayed in the seal rings. They are grinded paralleling with the seal end faces. Three eddy current sensors are utilized to measure the distance between the two rings. They are put through a small hole drilled on the steel ring, as Figure 1 shows. The experimental conditions are described in table 1 In Figure 1 , the two seal rings are made of silicon carbide, and the two steel rings are made of SUS304. Eddy current sensor parameters are shown as following.
Eddy Current Sensor
Type:KD2306; Range:0.5mm; Resolution:0.1um; Nonlinearity<1%; Frequency response:50KHz.
a.ii Experiment Data
With deionized water as sealing medium, two group experiments are designed under the condition of variable speed and pressure. The spindle speed is varied from 0 to 1500 r•min-1, and the water pressure is 0.5MPa, 2MPa, 5MPa, and 10MPa.
Limited by the processing level, the measurement surface is not strictly paralleling with the seal end faces. The eddy current signal amplitude have a great variation range when hand turning, which is shown in Figure 2 . The curve maximum value is 3.6291(V), the minimum value is 2.9501(V). The peak-to-peak value is 0.679V(equivalent to 33.95um). This value is far thicker than the normal film thickness, so the original signal must be carried out filter processing. The eddy current signal is obtained with constant pressure and variable speed, which is shown in Figure 3 . Since the inlayed rings can't be kept absolutely parallel with the seal faces, sine wave can be obviously observed. The actual value of the film thickness can be picked up by the empirical mode decomposition (EMD) method. method. This signal processing method is considered to be a major breakthrough relative to
Fourier transform in recent years [8] . The EMD is a kind of analysis method based on the data and has good adaptability. This kind of method has its advantages for nonlinear nonstationary signal processing. The most important thing is that EMD decomposition results Intrinsic Mode Function(IMF) have clear physical meaning. In a word the EMD has obvious advantages in processing of the nonlinear signal for machinery like as mechanical seal products [9] .
b.ii Intrinsic Mode Function
The EMD's role is to convert the original signal into IMF. The IMF need to satisfy two conditions:
(1)The number of extreme value point and the zero number should be equal or only differ by one.
(2)Local mean value of the up envelope defined by the maximum and the down envelope defined by the minimum should be equal to zero.
iii Empirical Mode Decomposition Process EMD gradually dissociate IMF from the complex original signal, so EMD method also known as the sifting Process. The EMD decomposition process based on the following assumptions:① Signal at least have a maximum and a minimum;②Signal characteristics is determined by the distance between the extreme point; ③If lack of extreme point, signal data sequence still contains turning points. The extreme point can obtain through making derivative of the signal for one or many times. The decomposition result can be obtained by integrating the extreme points.
Based on the above assumptions, the specific shifting process is as follows:
(1)For a signal ( ) x t , first of all count all the extreme value point of it. Using the third-order spline interpolation obtain the original signal's up envelope and down envelope. Working out the average of the up envelope and down envelope, the result recorded as ( )
If the spline curve of 1 ( ) h N meet the IMF two conditions, then
If the spline curve of 1 ( ) h N don't satisfy the IMF two conditions, then repeat the step(1) and step (2) until the spline curve of 1 ( ) h N meet the IMF two conditions, and the abstracted result recorded as：
The residual data 1 ( ) r N is recorded as: Eliminating the abnormal value from the eddy current signal by 3-delta rule, the film thickness is obtained through converting the voltage signal to distance value. The actual thickness of the fluid film is respectively shown in Figure 7 at the medium presser of 0.5Mpa, 2Mpa, 5Mpa and 10Mpa.
In each group, the spindle speed is changed from 0 r Similarly, the film thickness curves with variable pressure at constant spindle speed are shown in Figure 8 .The curves observed in Figure 8 are the actual thickness of the fluid film respectively at the spindle speed of 100, 300, 500, 700, 900, 1100, 1300, and 1500 r•min -1 , with the water pressure changed from 0.5MPa to 10MPa. It is obvious that the film thickness increases with the increasing of medium pressure. It shows that the range of the film thickness also is 8~23um.
Based on the above information, the film thickness can be divided into 4 patterns as thin, medium, thick and above normal, as TABLE 2 shows. AE sensor main parameters are given as below.
Type: Kistler8152B12SP; Range:50-400KHz; Sensitivity:57V/( m·s-1); Sampling frequency:
2MHz.
a.ii Experiment Data
The wave of AE signal and its FFT spectrum are respectively shown in Figure 11 and Figure 12 .
The signal is obtained at the spindle speed of 500 r•min -1 . The thickness of the fluid film can't be measured by AE signal directly. Little information about film thickness can be got directly from it. However, AE signal contains abundant information about the friction of mechanical seal end faces. And it is firmly related to the film thickness. First, AE signal features are extracted by wavelet packet, and optimized by kernel principal component analysis(KPCA). Then, a recognition model based on two-level BP ANN is built. Finally, the film thickness can be recognized by the artificial intelligent recognition system. Figure 11 . AE signal's spectrum.
b. Method
Since AE sensor is very sensitive to any information including noise, which usually cause strong disturbance. The better features are difficult to be extracted. KPCA is used to optimize AE signal's features. Original feature dimension and nonlinearity all can be reduced by this method.
b.i KPCA Theory
As a classical approach for linear dimension reduction, principal component analysis (PCA) is always used to exact the principal component from multi-dimensional variables [10] . However, some useful information of the features may be broken by PCA, because more useful nonlinear correlation is sharply eliminated.
KPCA is an improved approach based on PCA for nonlinear dimension reduction [11] . Through projecting signal sample x from n to N (N > n) dimensional space by an unknown mapping φ,
KPCA makes a new function φ(x) linearly separable in the N dimensional space. The kernel function K<xi, xj> is always used as the unknown mapping φ .
Here, x i , x j is the i-th and j-th component vector (x is an m×n matrix). The covariance matrix of the high dimension vector φ(x j ) is given by:
Where λ is eigenvalue of C , and v is its eigenvector. So v is linear correlation about φ(x j ).
The kernel function K<x i , x j >= φ(x i ) T φ(x j ) is defined as the position of (i, j) in K, so:
Where α = (α 1 ,…,α m ) T . A formula α T α=1/mλ is used for normalization of v. To a test sample v, the projection on the direction of v is given as follows:
Any symmetric function satisfied Mercer condition can be used as the kernel function [12] .
Generally, the mean of φ is proposed as 0, thus K must be normalized. KPCA processing is given as following:
(1) Set up kernel function matrix K based on radial basis function.
(2) Obtain eigenvalue λ and vector α by function13, and sort λ as λ 1 >λ 2 >…>λ m .
(3) Choose λ 1 to λ p (p<n) as the principle elements, if the sum of them is more than 95% of all.
Their corresponding eigenvector α, is used as the direction where the kernel function projects on.
(4) To any data sample, a new p-dimensional vector features can be obtained through projecting them on those p directions.
b.ii Cascaded ANN Recognition
Artificial neural network（ANN） is a self-adaptable, nonlinear signal processing system based on the cross correlation of large numbers of artificial neurons [13, 14] . Since ANN has good classifying ability and self-learning system, it is widely used in the field of fault diagnosis, condition monitoring and image recognition etc. Back propagation (BP) ANN is a one of the earliest ANN model. The process of BP is made of signal forward propagation and error backward propagation [15] . A typical topology of three-layer BP ANN is shown in Figure 12 . A cascaded decision recognition model based on multi-neural network is presented, and it has higher recognition rate than single ANN [16] . A two-level ANN with four patterns is shown in Figure 13 . The four patterns is named as D1, D2, D3 and D4, which are four continuous or nearby data segments. Because disturbed by noise, the results got by the first recognition via BP1 may have four kinds.
(1) The four recognitions are the same.
(2) Two of the four recognitions are the same. Every data segment is decomposed into 8 components by 'db1' wavelet packet. The components c1 to c8 are shown in Figure 14 . Root mean square: Reflect the whole power of signal.
Peak factor: Reflect the signal strength. Kurtosis coefficient: Reflect the large amplitude pulse in signal.
Margin coefficient: Reflect the anti-interference capacity of signal.
Asymmetry index: Reflect the asymmetry degree of signal.
Frequency centre of gravity: Reflect the change of the gravity frequency centre of signal.
Frequency variance: Reflect the deviation between frequency and its centre. Figure 15 . It is obviously that the recognition rate of BP1 is not good, and it strictly decreases with increasing of the film thickness. Figure 15 . Recognition rate of BP1. Compared with Figure 15 and Figure16, it is obvious that cascaded decision has higher recognition rate than single ANN, and nice recognitions can be obtained as the film thickness is thinner than 8um.
VI. CONCLUSIONS
In order to measure the film thickness of mechanical seal, AE and eddy current sensors have been used in this study. Using eddy current sensors realized direct measurement, and using AE sensor realized recognition of the film thickness indirectly. In a word, it is realized the transformation of film thickness measurement from inner side directly measure to external indirectly measure.
Some conclusions can be get as follows.
(1) The film thickness is accurately measured by eddy current sensor. It increases with the seal chamber pressure increases. However it first increases with the spindle speed, and then decreases when the spindle speed over 300 r•min-1.
(2) AE signal features have been extracted by wavelet packet, optimized by KPCA which is used to reduce feature dimension without incurring excessive information loss. Through cascaded recognition network, the recognition rate is higher than single level .
(3) This method also can be applied to diagnose the failure of mechanical seals and makes the prediction of the failure of mechanical seals possible.
